Ever since the papers by MacArthur (1955 MacArthur ( , 1957 , Margalef (1957) , and Hutchinson (1959) , research in community biology has focused increasingly on the significance to be attached to the diversity of organisms making up a community. In particular, much speculation and some generalization have been directed to the role that species diversity plays in community stability and total community productivity, as well as the reverse, the dependence of diversity and stability of the community on its productivity.
The research results for the past decade can be summarized as (1) papers contributing information on diversity for a wide range of communities, (2) theoretical expositions on the probable mechanics of evolutionary build-up in diversity, and (3) a large number of papers concerned with measures and techniques for estimating and interpreting the number of species in relation to their abundance. Most of the research has dealt with limited segments of regional community gradients, usually with emphasis on the animal component. Very few have dealt with the primary producers, particularly in terrestrial communities. As a result, there have been few opportunities to date to view diversity, and its associated ideas-stability and productivity-as time-based functions, potentially dependent on the stage of development of the native communities.
The objectives of this paper, therefore, are: (1) to add somewhat to the data on diversity and productivity in Wisconsin forest communities; (2) to show how both of these vary sharply, rising and then falling, over relatively short periods of time in the development of a forest; and (3) to offer an improved model for describing the evolution of the biological materials in ecosystems, one which accepts timeseparation selection mechanisms, as well as spatial or behavioral segregating mechanisms, in the ecological and genetic isolation of species.
RECENT INTERPRETATION OF DIVERSITY
Consider the summary of community diversity, and related properties ( Fig. 1) , an interpretation based on recent literature. Authors have referred in general terms to the characteristic relationships be- tween diversity, succession, stability, and primary production shown here as trend lines. Solid lines show the relationships where there seems to be some consensus with respect to the trends; dotted lines indicate trends suggested by some authors but debated by others. Whittaker (1965) and Monk (1967) have suggested the increase in diversity with the successional sequence [ Fig. 1 (a) ]; others such as Margalef (1957 Margalef ( , 1968 and Odum (1963) have indicated that this curve probably levels off and may drop near the latter portion of a successional sequence. " Whittaker (1965) and Pielou (1966) have suggested that under certain conditions diversity may decrease with succession, as shown by the dotted line. The relationship between diversity and stability [ Fig. 1 (b) ] has many interpretations, largely dependent on one's view of stability. The work of MacArthur (1955) and the discussion of diversity under very stable environments (Connell and Orias, 1964) suggest that a high stability is associated with a high level of diversity, with no clear indication of which is dependent on the other. Over a shorter time, however, the stability of late stages in a secondary successional sequence is acknowledged by Odum (1963) to lead to leveling or possibly a decline in diversity, and there may be no relationship between diversity and stability. There is considerable hedging on the definition of stability for several very good reasons that I will re-examine in the latter part of this paper.
Figure 1 (c) expresses the consensus that with higher levels of annual primary production there will be higher levels of community diversity (Margalef 1968) , although Odum (1963) and Whittaker (1965) have questioned this relationship. Their position is that there may be no consistent relationship, as shown by the horizontal dashed line. The axiomatic results of the three previous figures, summarized in Figure 1 (d), show that with more advanced succession and an increased stability, one might expect higher levels of production by the primary producers, as well as in other levels of the system. On the other hand, Odum (1963) notes a net increase in "community productivity" with advancing successions.
These figures serve both as a mechanism for presenting some of the published views on diversity and related phenomena, several of which I must seriously challenge, and as a means of introducing definitions for each of the objects under consideration. First of all, diversity will be defined here as a mean entropy per individual, simply by my choice of the Shannon-Weiner diversity measure where Pi is the probability of sampling the ith species.
The sequence we know as succession is shown equivalent to a progression in stability in Figure 1 (d) to show the view among plant ecologists that as long as change in composition (i.e., succession) is evident, the system is only in the process of approaching a stable community, and is, therefore, by implication still unstable. Many of the expressions for stability used in other studies are acknowledged to be a much longer-term phenomenon, bearing little relationship to the stability of terminal communities just described. Neverthe- less, a successional view of the approach toward stability in communities is very widespread and must be considered in this analysis. Thus, for the time being I wish to accept both a short-term (successional) and a long-term (evolutionary) view of stability.
The annual primary production of plants is denned in units of dry weight fixed per unit area per year, and when expressed as a ratio of the total annual energy input in southern Wisconsin, converts by a scaling factor to energy efficiency of the primary producer trophic level.
To examine some of the relationships between diversity, stablility, and efficiency of primary production, I have used data for forest communities in two areas: the results published by Monk (1967) , and unpublished data obtained for southern Wisconsin during 1967 and . These two stiulies represent more complete sampling of the community than in most previous studies. Both the seedling and sapling component in the forests have been sampled to obtain estimates with as great a confidence as that of the overstory trees. The primary advantage of the larger sample lies in the opportunity it affords to divide each forest on the basis of internal structural strata (overstory, mid-canopy, saplings, and seedlings) and to examine diversity and other characters in each stratum.
The results of Monk's study (1967) of diversity in tree species in deciduous forests in north central Florida (Table 1) are significant primarily because they distinguish diversity of plant species for each of the major layers the tree species occupy: seedlings, saplings, and trees. The significant result is that the communities dominated by what we would call pioneer species show a low diversity for the overstory and a higher diversity of seedlings. The reverse is true of the communities dominated by mesic hardwood species which Monk refers to as climax. In each of the latter, the greatest diversity is in the overstory tree layer, with a lesser diversity in the seedling layer. No significance is attached to the small ups and downs of species diversity in the sapling layer. Although Monk views the higher diversity of the seedling layer in pioneer forests as evidence of an increase in diversity with succession, he draws no conclusion regarding the low diversity in the understory of the so-called climax communities. The analysis of Wisconsin data was undertaken in an attempt to confirm Monk's results, and to probe the processes in the climax situation.
DIVERSITY IN WISCONSIN FORESTS
The results of an analysis similar to that of Monk for 30 stands in Wisconsin are illustrated in Figure 2 . They are presented here as average diversity for three stands in each decimal segment of the Wisconsin upland compositional gradient (Curtis and Mclntosh, 1951) . The diversity of the overstory trees is low in the droughty, extreme environments of the low compositional index forests, ranging upward with small random fluctuations to a plateau level across the four right-hand segments of the gradient. On the other hand, seedling diversity begins relatively high, and after some fluctuations which are in part due to environmental differences, declines to a very low level across the three highest segments of the gradient. The break in the low end of the gradient results from the fact that the first three decimal segments are all characterized by coarse-textured soils with bedrock frequently close to the surface. The fourth segment is not greatly different in forest composition, but is quite different in texture of substrate, depth of soil, and total water storage available to seedling and sapling layers. In most respects the environment of this segment is like that of the remaining segments toward the mesic end of the gradient. The result of the more favorable environment is, as one might expect, a greatly increased diversity of both seedling and tree layers, both reflecting in part the high light conditions of these relatively pioneer communities as well as the higher supply of moisture. While the inverse relationship between the diversity of the understory compared with the overstory is interesting, and of considerable consequence to diversity relations across the landscape in southern Wisconsin, the great differences in environment across the compositional gradient mean that these results mix the two important elements influencing diversity: (1) the restrictions imposed by a severe environment; and (2) the variations that may be imposed as a direct result of community development over time within a restricted range of environment. Total "available water capacity" has been estimated for each of the 30 stands to depths of both 36 and 60 inches. The mesic environments represented by the four highest decimal segments of the gradient are all characterized by an available water capacity of seven or more inches of water in the surface three feet of soil. Therefore, all stands, regardless of position along the compositional index, with an available water capacity of seven inches or more have been used for the following analyses of diversity in mesic environments.
To establish a time base for the analysis of diversity, age determinations were carried out on the 18 stands with high levels of substrate water supply. The estimates of age for large old-growth hardwoods utilized both historical records dating to the surveyors' descriptions in the 1830's, and correlation between diameter and age. The latter are good for the shade-tolerant species whose widths of annual ring are consistent over extended periods. The aging was sufficiently precise to allow recognition of five age-classes among the stands sampled, ranging from one whose midpoint is just over 100 years, to the oldest with a midpoint of 220 years.
The mean diversity of the seedling layer in stands across the age range from 100 to 220 years is shown in Figure 3 . On theoretical grounds alone one expects the model for seedling diversity over time to show a high level immediately after disturbances, then a very low level under the young stand of saplings. One younger set of stands from a northern Wisconsin study has a seedling layer diversity of 1.4 at 30 years, giving a further, indication of the shape. From the evidence here, and our knowledge of processes in the deciduous forest, we are able to say the response in seedling diversity with time is a curve which drops briefly after the initial establishment of a young forest, then rises steeply to peak in the oak communities around 100 years of age, and then falls off sharply. The low diversity in the oldest age-classes sampled represents domination of the seedling layer by one very shadetolerant species, sugar maple. At 100 years of age, the seedling layer is made up of scattered individuals of the overstory trees which survive briefly as seedlings, but which will not enter the sapling layer. In addition, there are large numbers of individuals of the more shade-tolerant species cited by Monk (1967) entering the community at this point in time. One hundred years later, there is no longer a canopy with any of the pioneer species and therefore no seedlings of species which owe their origin to the physical presence of a source of seed in the canopy. These results imply major change in composition over this time sequence, estimated both by comparison of stands of different ages in similar environments, and by comparison of layers within the strata that may be expected to replace one another over time. It is essential, therefore, that some measures of the apparent rate of change from one stratum to the next be considered for each of the age-classes available. One potentially useful measure has been to utilize the compositional index (C. I.) for each of the layers, trees, saplings, and seedlings. An increase in C. I. from the overstory to the understory would indicate actual change in composition, not simply change in diversity. Such a measure of change works well in either pioneer or high C. I. stands, but for a number of reasons it is not satisfactory elsewhere along the gradient. The central reason lies in the fact that the compositional index is based on an "adaptation number" (Curtis and Mclntosh, 1951) for all of the species in a compositional gradient, an index of the species' capability to reproduce and replace an overstory species. The results of this study show that many of the intermediate stands do not have any differences in the mean adaptation number from understory to overstory, although each stratum is in fact made up of substantially different species.
Because of the inadequacy of the compositional index for stands midway along the southern Wisconsin gradient, a new expression, the coefficient of change, has been developed to describe what the progression in compositional index through the canopy attempts to do. The coefficient of change is based on the index of similarity c = 2w/ a -f b where w is the quantity (relative basal area and relative density) of a species in common between any pair of forest strata (here, the tree and seedling layers), and a and b are the quantities of the species in each of the layers. The index of similarity is a decimal or percentile function used by Gleason, Bray, Curtis, and others, and usually transformed by subtraction from unity to yield an index of difference. In this example, the index gives percentage differences between the overstory and understory strata. The magnitude of the difference will be in part influenced by the total magnitude of difference in diameter between the overstory and understory layers, so that to achieve equalization across stands of different mean diameters, the magnitude of difference has been divided by the total difference in diameter, yielding units of percent change per inch of difference in diameter.
The values of the coefficient of change (Fig. 4) show another wave form similar to that of the seedling diversity, but displaced approximately 50 years later in the sequence of time represented by these stands. The functional dependency of the wave pattern represented by the coefficient of change on the wave pattern in seedling diversity is evident from the fact that the peak input of diversity in the seedling layer at 100 years will be followed by a corresponding change in composition some years later as the shade-tolerant seedling species gradually dominate the seedling layer.
The production of dry-matter in these forests has been estimated by common forest mensurational techniques. The total basal area of living stems in sq. ft. / acre is accepted as a good estimator of total plant biomass. A plot of basal area of stand over age of stand shows that the youngest stands support among the lowest basal areas, the middle age range is highest, and the oldest stands support a low basal area. This is a well-documented phenomenon in forestry in which the wave of high basal area developed by the initial wave of pioneer species is reached at some age determined by the longevity of the pioneer stand itself. After that point, only a lower level of basal area will be supported in perpetuity. Tables of forest yield for hardwood species also indicate that the annual increment of wood in the forest can be estimated very closely by assuming a 2% per annum increase in basal area. The total volume of increase in biomass can be estimated by multiplying the increase of basal area by the mean height of each stand, and the total increase in dry weight is estimated by a product of the volume times the mean specific gravity for the dominant species of each stand. Figure 5 summarizes the estimates of production of dry-matter exclusive of tree foliage and herbs for all 30 forests distributed across the 10 segments of the southern Wisconsin upland gradient. The range in values among the 3 stands in each decimal segment is shown. The 2% per annum increase probably underestimates increments slightly in young stands, and overestimates it slightly in the older stands. The bars in segments 1, 3, and 6 are the estimates of production of dry matter obtained by dimension-analysis methods in three stands of the same compositional index as those adjacent to each bar. The combined results show the profound influence of the environmental extremes at the low end of the compositional index. Segment 4, with generally favorable environments, was sampled by somewhat younger stands and the estimate of primary production appears low for that reason. The other six higher segments represent the peak levels of productivity, but there is some indication of a drop in primary production among the highest CI values.
The results for the 18 stands of maximum available water capacity are shown as a function of age (Fig. 6) response not unlike those for seedling diversity and the coefficient of change is observed again, but with the peak being reached just under 200 years of age. Again the functional dependency of this response on the two previous wave patterns can be recognized, in that the decrease in coefficient of change is attributable to the gradual dominance of both overstory and understory layers by the shade-tolerant species, particularly sugar maple. As long as there is a significant component of the pioneer species, particularly red oak, in the overstory canopy, the annual production of dry matter can be maintained at a high level. As the stand is purified to almost all sugar maple, the coefficient of change is drastically reduced, and production of dry matter ultimately is also reduced. The wave-form during the early years after establishment of the stand is known to be the first part of a gently rising sigmoid curve. The three wave-phenomena can be viewed as taking place simultaneously in each stand, or in a composite of stands across a landscape. Taken together, they represent a step toward a more quantitative statement of what we have always known as secondary succession from white oak through red oak to sugar maple. However, the wave patterns shown here as functions of time are not once-only phenomena. They have taken place many times before, and must be thought of as repeating phenomena in a long-term sequence.
INTERPRETATION
The longer period of time over which we should consider community development is shown schematically in Figure 7 . As a working hypothesis, I suggest that community characteristics be viewed as repeating wave-form phenomena triggered by random perturbations with intervals of 30 to 200 years or more. The intervals can be longer or shorter in other types of vegetation. The response property plotted in Figure 7 is the diversity of the understory layer, but any of the other transient phenomena discussed as functions of time in the previous figures could be used. Each one goes through a characteristic waveform response every time the community sequence is restarted.
The sequence can best be described as a stationary process, with random perturbation. In this view, the notion of "instability" applied to a forest in which change in composition is taking place is inappropriate. The changes that take place are in fact part of a characteristic series of transient phenomena which collectively make up the "stable system" capable of repeating itself every time a perturbation starts the sequence over.
The evolutionary implications of the "stationary process", and the recurring stable system of transient phenomena, are significant because they allow recognition of the potential for selecting species to carry out specialized functions at each of several phases (time-differentiated) in the responding ecosystem. We are accustomed to thinking of geographic or environmental properties as contributing to the isolating mechanisms in speciation, but I believe that this is the first indication of longterm wave-phenomena as an isolating mechanism, and I believe its role in the evolution and maintenance of diversity in ecosystems has been greatly underestimated.
To understand the selection mechanisms leading to this wave-isolation, we should consider the mechanisms by which there is a substitution of species over the period of community development. The species which make up the first wave of seedlings in this time sequence, and which later make up the early tree canopy and contribute the greatest primary production, have long been recognized as species with unique adaptations for occupying open habitat. The replacing species, on the other hand, have been thought of as distinct primarily in the physiological adaptation of leaf tissue to low light conditions.
An alternate way of looking at the differential success of these species at each age in the time sequence is to examine the mortality of the annual input of seedlings, somewhat in the form of a life-table analysis. The negative exponential has been investigated as a model capable of describing seedling depletions for three species in Ontario (Hett and Loucks 1968) . The depletions of seedlings of sugar maple and other species have been investigated in Wisconsin and we find the best measure distinguishing the "replaced" and the "replacing" species is the difference in the slope of the depletion curve. A gentle slope is typical of the shade-tolerant populations in these forests, while a steep depletion characterizes the pioneer species in the shaded understory environment. The slope of the seedling depletion curves is therefore suggested as one of the characteristic properties which functionally describe the mechanisms for differentiation of diversity, the coefficient of change, and primary production along the time gradient in Wisconsin forest communities. The slope of the depletion curve can be viewed as a property of the understory populations across this time scale, significant because of the extent to which it expresses the qualitative adaptations identified with pioneer, intermediate, and shade-tolerant species.
The implications of the selection mechanism may be grasped more clearly when the annual production of dry matter in any one forest is schematically partitioned into three general categories of species: pioneer, intermediate, and shadetolerant. Each is potentially distinguishable by a specified range in the species depletion slope. From this viewpoint, one of the primary mechanisms of selection among the pioneer species seems to have been toward maximizing the fixing of energy while occupying an open environment -a competition in which the plants which reach the largest size most quickly survive to reproduce. They have done so at the expense of survival in their own shade. The species at the other end of the time scale are specialized primarily in selfperpetuation under extreme shade. They have remarkable adaptations for saturating the environment with progeny, and appear to have done so at the expense of the capability for maximizing the conversion of energy. The answer to the question posed by Frank (1968) appears to be that in forest communities the specializations for self perpetuation are real and not tautological.
The difference in selection pressure is best illustrated by certain genera in which two species have been differentiated, primarily by the mechanisms just described, and which now play time-isolated functional roles in the system. Examples in the Wisconsin forests are the shagbark and yelIowbud hickories (Carya ovata and C. cordiformis), the American and slippery elms, (Ulmus americana and U. rubra) and the red and the silver maples (Acer nibrum and A. saccharum).
CONCLUSIONS
In our most complex ecosystems, we now have the basis for predicting with some confidence the diversity of tree species to be expected of each layer within the community, and for expressing it as a function of the periods of time through which the community is developing. We should view diversity as bearing some non-linear rather than a linear relationship with time. These techniques are suggested as one of the methods by which we can extrapolate the prospective effects of man's impact on the landscape into the future.
We now have evidence for stating that the peak in diversity of species as well as the peak levels in production of dry matter characteristic of many forest communities east of the Great Plains cannot be maintained into the future if the present mancontrolled environments are continued. The results reported here show that to achieve a continued high level of species diversity as well as high productivity, man should restore the mechanisms which triggered the re-cycling and rejuvenation of the biotic systems. He should restore the mechanisms by which the wave-isolated species work together over time, to produce a characteristic period of peak production and peak diversity at intervals of one to three centuries.
I offer the hypothesis that evolution in ecosystems has brought about not only adaptation to heterogeneous environments, but adaptation to a repeating pattern of changing environments, a stationary process that represents a composite of time intervals over which replacement of species is repeated over and over again. The periodicity ranges from several centuries in the northern lake forest, where white pine seems to have been re-cycled at intervals of 300-400 years, through the shorter intervals in the deciduous forests of the Mississippi Valley, to periods of a few decades and even annually at the edge of the grasslands.
On the basis of the evidence presented, and hypotheses formulated from it, I conclude that diversity of plants and animals must be understood as an ephemeral product of the partial overlap of wave-isolated species, most strongly expressed in rich as opposed to extreme environments. The peak in conversion of energy is likewise to be viewed as an ephemeral phenomenon, dependent on the random rejuvenation of the system, a process which modern man has abruptly halted. In my opinion, the interruption of the natural stationary process will, in all likelihood, be the greatest upset of the ecosystem of all time, and one that must be a central focus of the forthcoming International Biological program. It is an upset which is moving us unalterably toward decreased diversity and decreased productivity at a time when we can least afford it, and least expect it.
